In order to prepare intracellular substances from microorganisms the barrier of the cell envelope has to be disrupted. Since this barrier is usually very resistant, the methods available for the preparation of substances with unstable activity are restricted due to the inactivation occasioned by some disintegration processes. Some methods, usually applying physico-mechanical shearing stress, are inherently weil suited to disintegrate cells to release unstable substances. In other cases, when more inert substances like e.g. nutrients are prepared from microbes, denaturing treatments like cell envelope disruption by heating followed by enzymatic dissolution of the protoplasm may be advantageous.
Thc main obstacle to the disintegration of microorganisms lies in their tough cell walls. In the true bacteria (Eubacteriales), thc mechanicallyresistant part of the wall is the murein which can be considered as a giant bag-shaped macromolecule. Consequently, covalent bonds havc to be broken in order to disrupt the bacteria. In other microbes analogaus conditions often exist. The disruption of the cell wall can be accomplished in sevcral ways and a great number of methods have been described. Based on thc mcchamsm of disintegration, division into chemicaL physical and mechanical methods can be made. Each division contains groups of methods with similar action ( Table 1) . In order to prepare native proteins and other substances on a tairly !arge scale the choice of methods is limited. I will focus this review on such methods and the problems involved with them. Scveral reviews dealing with disintegration of microbes in general have been published recently 1 · 2 .
REVIEW OF METHODS

Enzymatic digestion
The search for cell-wall-degrading enzymes has been extensive. and a widc variety of active cnzymes have been found e.g. from the snail gut from actinomycetes (Micromonospora 3 ) . and from gram-negative bacilli (Flavobacterium4· 5 ) . The high yields recovered of the Flavobacterium enzyme 5 seem promising for large-scale use. Extensive reference lists on enzyme digestion have been published recently 4 · 6 . Since then lytic activity against several yeast and Chlorella species has been demonstrated from a thermophilic actinomycete. M icropolyspora sp.
•
Agitation with abrasive particles Agitation of suspensions of microorganisms mixed with small glass beads has in many cases been used for cell disruption. Usually. cell concentrations around 10-lC>O mg ml-1 • alkali-free glass beads with diameter 0.1 -0.5 mm at approximately the same weight proportion as the microbial suspension.
and frequencies araund 50--100Hz have been employed. The efticiency of disintegration is greater when the treatrnent vessel is not filled up. After the treatment. the beads are usually separated from thc ccll homogcnate by filtration and may be used again. but sornc silicatc is rcleased into the medium. For small-scale Iabaratory use several apparatuses arc available. A continuous-flow shaker with plastic beads seems to be particularly efficient 8 . For bacteria, the velocity of disintegration is generally morc rapid with small bead sizes -diameters 0.1 mm and lcss-whereas thc disintegration of yeast and algae seerns to be less dependent on bead sizc. A high concentration of glass beads improves the disintegration 4 . The disintegration is thought to result from shear forces 8 . An equipment for continuous Operation on a !arger scale has bcen dcveloped in Czechoslovak ia
1 1 • The suspension was agitated by rotating disks fastened to a horizontal axis. Saccharomyces cerevisiae was cfficiently disintegrated in a couple of minutes. Applying thc same method to the microalgae Scenedesmus ohliquus 4 increased the pcpsin digestibility of thc algae much more than hydrogen peroxide or cellulolytic cnzymc (mcicelase) treatment which were run in parallel tests. In further experiments 12 soluhlc nitrogen recovered in the supernatant fluid after agitation and centrifugation was highcst at pH-values abovc 11 for the microorganisms testcd viz. fresh Saccharomyces cerevisiae. lyophili7ed M ethanomonas sp. and spray-dricd Scenedesmus ohliquus. Thc amounts of nitrogcn precipitatcd at pH 4 from these supernatants wcrc maximal, whcn thc pH of extraction was approxi-326 DISINTEGRATION OF CELLS AND PROTEIN RECOVERY mately 11-12 indicating hydrolysis at higher pH-values. The precipitate contained 60~ 70 per cent of the cell nitrogen.
Pressure extrusion in liquid suspension
Pressing of liquid suspensions of bacteria through a narrow orifice at pressures 400-3500 kp cm -l disrupts many microorganisms. Recently an industrial homogenizer, the Manton-Gaulin homogenizer, was adopted for disintegration of microorganisms by Lilly, Dunnill and coworkers at University College, London 13 1 5 • lt was observed that a knife-edge valveseat improved the disintegration over a flat valve-seat. This might be due to a steeper pressure gradient which gives a more rapid flow through the shorter constriction. Increase of the tempcrature of the yeast suspension to be pressed from Y'C to 30 C increased the disruption rate 1.5 times. At moderate cell concentrations and pressures the protein release was independent of the cell concentration. The rate of release of protein could be described by the relationship (the original equation is slightly rearranged to agree better with the gencral equation for disintegration):
Rm-R 2 9 log--~ = -KNP · Rm (1) where R = amount of soluble protein relcased, Rm = maximum amount of soluble protein that can be released, K = dimensional temperaturedependcnt rate constant, N = number of passages through valve, and P = operating pressure.
At high operating pressures, say above 800 atm, and high cell concentrations (CY = 0.75) the disruption rate was reduced and no Ionger first-order. This efTect as weil as the effect of temperature might be due to the reduction of flow with increascd viscosity.
The rate of release of seven different enzymes was studied in relation to the release of protcin. At temperatures over 35'C, significant Iosses of en7yme activity were observed. At lower temperatures, no loss in activity on prolonged treatment was observed except in the cascs of fumarase and invcrtase. In all other instances thc various operating pressures, temperatures and initial yeast concentrations used did not affcct the rate of release of the individual enzyme relative to protein release. The rate of release of the individual cnzymes was dependent on their location in the cell: the release of acid phosphatase and invertase, which are supposed to be located predominantly outside the cell membrane, was faster than the overall protein release. The dehydrogcnases, which belong to the cell sap, were released slightly faster or at the same rate as the overall protein. Alkaline phosphatase and fumarasc, which probably mainly come from the plasma membrancs and the mitochondria, respectively, were released more slowly. In principle the sametype of slow release of bacterial cell membrane enzymes was shown at sonic disintegration of Azotobacter
.
Pressure extrusion in freeze-pressing
Freeze-pressing as adopted in the X-press 17 • 18 exploits the phase-changes in ice under pressure wide ( Figure 1 ). The material to be disintegrated is forced from the frozen state through this hole. The pressure required for this is dependent on the temperaturein a way similar tothat in which changes in the crystal structure of water vary with pressure ( Figure 2) 19 • By moving the piston, on which pressure is applied, from one chamber to the other, the material could be pressed through the hole several times without uncoupling the press. Repeated pressings increased the disintegration both with regard to the percentage of cells disrupted and the degree of disintegration of the cellular constituents
Pressure, k g c m 2 where S = the fraction of surviving plaque-forming units, N = the number of pressings, and K = a constant characteristic of a given phage.
The T -even phages T2L, T2H rl3 h (two different T2 mutants}, T4D and T6 had K -values between 6.6 and 7.6 which means that generally one phage in 10 millians remaincd intact after one pressing. For T5, P2 and Iambda the K-values werc 4 to 5.2 and for c/JX-174, Tl and T3 0.6 to 1.8.
With the ordinary X-press the pressure could be regulated up to about 2000 kp cm-2 by selecting thc corresponding temperature. ·Pure water is liquid at -20oc and 2000 kp cm -2 but is solid icc below -23°C whatever thc pressurc. However, material was pressed through the orifice oftheX-press even at lower temperatures. This was originally thought to be a result of ice I icc III changes. However, when pressurewas applied on cell suspensions at -30°C, the conductivity of thc suspension increased 23 which indicated that a change into the liquid state occurred. Several experiments on freezing serum and other biological products suggest that in the presence of sugars and proteins, salts do not form eutectic mixtures but instead form glasses which slowly harden as the temperature falls 24 • In what way different kinds of biological material affect the structurc of water under prcssure is little known. This is a problern of great importance particularly for the operation at higher pressures, since prcssures above 2100 kp cm-2 rather promote the different crystal forms than the liquid state of water.
Pressures above 2100 kp cm -2 were attained by providing the X-press with a spring-loaded piston (diameter = 2 mm) fitting the orifice of the disk In an investigation to elucidate the influence of different conditions for freeze-pressing with the X-press on the efficiency of disintegration, we faced the problern of distinguishing between ce1l-wall disruption and release of intrace11ular material. Counting of intact cclls in a microscope 1s mexact and laborious. Viable counts and turbidity measurements arc hard to translate into degree of disintegration. Determination of the release of en7ymes or other proteins is often intimately connected to the actual scope of the problem, i.e. to extract cell-bound components, but it measures not only disintegration but also dissolution.
ESTIMATION OF CELL DISINTEGRATION
The desire for a distinction between disruption and dissolution was particularly pertinent, when the effect of different suspcnding media on the disruption was tested. F or such a distinction, a direct cxamination of each cell of a sample subjected to the disintegration treatment seemed to be preferable. where chosen as models to study the disintegration. The Coulter Counter was cquipped with a 100 ~m aperture, and calibrated with polystyrene Iatex spheres. Provided that the cross-sectional arca of the particle is much smaller than that of the aperture, then the expression
is valid where V and v are the volume of the aperture and the particle, respectively, Po the resistivity of the suspending solution and p the resistivity of thc partic1c. F or a partic1e of very low conductivity in a salt solution . ..,uch 330 DISINTEGRATION OF CELLS AND PROTEIN RECOVERY as a polystyrene-latcx spherc in 0.15M Na CI, p 0 ~ p and to a good approximation ~E ~ Ev/V (4) i.e. the pulse is proportional to thc volume of the particle.
Untreated yeast cells wcre suspended in 0.15M NaCI solution and counted in the Coulter Counter with different threshold Ievels for the electrica] pulse. The number of particles in each volume interval was calculated by subtracting the count at the upper threshold Ievel from that at the lower one. The volume distribution with the apparatus calibratcd with polystyrenelatex spheres is shown in Figure 4 . Thc pcak ofthc curve was at 37 ~m 3 . Howcver, whcn the volumes of thc cclls of the same suspension wcre measured microscopically the peak was at 56 ~m 3 . 
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( Figure 5) , the functional resistivity of the intact cells was approximately 260 ohm cm. This gives a correction factor of 1.53 which changes the volume peak in the Coulter Counter to 57 JJ.m 3 which is close to that of the microscopical peak, 56 JJ.m 3 • When similar experiments were performed with pressed cells the peak was changed to a lower resistivity, 90 ohm cm ( Figure 6 ). This indicates that membrane darnage has occurred without disruption of the cell envelope. This corresponds to the loss of halo in the microscope as described earlier Higher pressures were needed at lower temperatures. In general, higher pressures promoted disintegration but the correlation was not close. Bangs occurred in the absence of gelatin.
In the absence of gelatin, salt improved the disintegration at -25 and -36oC at the same time as it reduced the pressure required. There is a relation between the disintegration and the eutectic point of th~ salt. KCI, which has the highest eutectic point ( -11.1 oc), showed the greatest disintegration at -l5°C and the smallest disintegration at -35°C of the salt solutions tested. CaC1 2 , which has the lowest eutectic point (-54.9°C) showed the lowest disintegration at -l5°C and the greatest at -35°C.
With gelatin in the suspending medium salt reduced the disintegration efficiency and pressure. With 10 per cent gelatin bangs were seldom noted and with 20 per cent gelatin, never. In earlier experiments-at efficient disintegration with the manually operated laboratory press-bangs generally were heard. In the later experiments, which were performed with the motordriven press which produced a morerapid streaming of material, the bangs did not seem to be essential for efficient disintegration.
The effect of the orifice geometry on the disintegration efficiency was studied at different temperatures and cell concentrations (Table 3 ). An increase in the width of the orifice decreased the amount disintegrated. An increase in the length of the hole bad no clear-cut effect on the disintegration of diluted cell material. However, with the Iongest hole used, diameter 2.5 mm, length 100 mm, no flow was obtained with the most diluted material. This is probably due toplugging of the hole with frozen material. At -35°C two series were run und er the same experimental conditions (Table 4 ). When bangs were heard, the disintegrationwas conspicuously reduced in comparison to flow without bangs. With outflow orifices of 1 mm diameter, and no bangs, approximately 90 per cent disintegration was achieved in one pres-333 sing. The bangs occurred only with the 2 mm long holes. Holes 10 mm long might therefore be preferred to smooth the flow. At -45"C no conspicuous increase in disintegration efficiency was observed whereas the pressures required were higher.
Parallel with these experiments to elucidate the parameters of freezepressing a moderate scaling-up of the process has been performed to get experience in the technical problems met then. The first prototype of a semicontinuous press now takes 5 to 10 kg of cell paste per hour. The scaling-up however, demands more from the mechanical properties of the materials used and also a closer control of the process with respect to temperature, pressure, material to be disintegrated and press. However, there should be no obstacle in principle to treating very large quantities.
PROTEIN RECOVERY
Few systematic studies have been performed on the extraction of ccllular material after disintegration. However, since most of the cellular constituents are amphoteric electrolytes with their isoelectric points on the acid side, dissolution is favoured at higher pH-values. This was shown experimentally for Escherichia coli and Bacillus megaterium with a nurober of different disintegration methods 28 . Similarly, the effect on dissolution by salting-in and salting-out effects were recorded.
As mentioned earlier, Hedenskog et a/.
12 working with agitation with abrasives, got increase in yields with increasing pH up to pH 11-12. Bordetella pertussis cells disintegrated with the X-press were extracted 5 times with O.lM phosphate + 0.15M citrate, 5 times with 1M NaCl + 0.015M citrate, and 3 times with distilled water 29 . The phosphate extracts contained most of the protein and RNA, the sodium chloride extracts contained DNA and some proteins, whereas very little organic material was dissolved with the distilled water.
Yeast grown on oil hydrocarbons, mycobacteria and Chlorella were dehydrated with acetone and ground in the medium of organic solvents in a cavitation mill 30 . By extracting with NaCl, nucleic acids were obtained. The remaining paste was extracted with dilute hot alkali to extract total protein.
DISCUSSION
The sensitivities of different cells in suspension to disintegration by different mechanical methods generally parallel each other roughly. We think that this similarity reflects the fact that the most decisive factor determining the resistance ofthe microorganism to disintegration is the mechanical strength of the cell wall, and that the most decisive factor for the efficiency of a disintegration method is mechanical shear. In general, quantitative rather than qualitative differences decide the outcome. For instance, when E. coli was disintegrated in the French press, Hughes press or by ultrasonics, the release of four Krebs-cycle enzymes was approximately equal 2 . One cxception to this rule seems to be the particular resistance of fungal mycelium to sonic vibration. This might be caused by an impairment of cavitation and eddy-formation by the filaments. Recently, when Zetelaki 31 compared different disintegration methods for release of glucose oxidasc from Aspergillus niger mycelium, the X-press and a ball miJl were particularly efficient. A few other examples of specific sensitivity have also been proposed 2 • The X-press has also been used for disintegration of tough solid tissue, e.g. skin.
Cell wall fractions prepared by pressure extrusion contain more of the cell membrane enzymes 2 than cell walls prepared by agitation. Sonic treatment secms to be particularly effectivc at 'solubilizing' the cell envelopcs32 which might make separation more difficuh. Excessive pressures comminutc the cell walls into small fragments 2 . Consequently, the disintegrating energy should be adjusted to the purpose.
For most disintegration purposes the ideal method should disrupt the cell envelope but leave the content. To achievc this thc disintcgrative force should eithcr be working on whole cells only or be focused either in time or space. Otherwisc, the contcnts of cclls disrupted at an early stage of the process will be subjected to further disintegration. Osmotic disruption and dccomprcssion seem to fulfill the first criterion but arc of low efficiency. Pressure extrusion probably only tears the cells passing through the orifice. To rcduce thc disintegration and inactivation of intracellular components one should strive at obtaining the disintcgration in one passage, since then the cell contcnt would be protected during most of the proccss. lf pressing is used for disintegration, some way for stirring or agitation should be included in the extraction procedure.
For large-scale mechanical disintegration there are at prcsent three main alternatives available: agitation with glass beads 12 , the Manton-Gaulin homogenizer 15 and freeze-pressing 1 • As mentioned earlier, we consider focused activity an advantage. We also think that adding glass beads may Iead to adsorption of some components and contamination of the product. Thesedisadvantages may not be too great in some cases.
Comparing different pressing methods one should consider equation 1 where the disintegration is proportional to the third order of pressure. If great disintegrating activity is desired one should rather increase the prcssure than press several times. Freezing balances out the heat production at higher pressures.
